The adhesive fracture energy, G c , is determined from two types of elastic-plastic peel tests (i.e. the single-arm 90 o and T-peel methods) and a linear-elastic fracture-mechanics (LEFM) test method (i.e. the tapered double-cantilever beam, TDCB method). A rubbertoughened epoxy adhesive, with both aluminium-alloy and steel substrates, has been used in the present work to manufacture the bonded joints. The peel tests are then modelled using numerical methods. The overall approach to modelling the elastic-plastic peel tests is to Further, it has been found that the calculated values of G c are independent of whether a standard LEFM test or an elastic-plastic peel test method is employed. Therefore, it has been demonstrated that the value of the adhesive fracture energy, G c , is independent of the geometric parameters studied and the value of G c is indeed a characteristic of the joint, in this
Introduction
The value of the adhesive fracture energy, G c , should be characteristic of the joint and, ideally, independent of geometric parameters [1] . Nevertheless, it is recognised that, since the value of G c includes plastic and viscoelastic energy dissipation which occurs locally at the crack tip, it will be a function of the rate and temperature at which the peel test is conducted. (Only if such energy losses are reduced to virtually zero, and the locus of joint failure is exactly along the bimaterial interface, will the value of G c be equivalent to the thermodynamic work of adhesion, W A [2] .) The adhesive fracture energy, G c , of adhesive joints may be readily ascertained from linear-elastic fracture-mechanics (LEFM) methods, and indeed a British Standard (BS7991-2001) now exists [3] to measure the LEFM Mode I value, largely as a result of the efforts of the European Structural Integrity Society (ESIS) 4 it is more usual to determine G c via local node-release at the debond point or via local stress and displacement contours, since this is computationally efficient. If an experimental steadystate load is known, then the solution for G c must be assumed and the load computed, and matching the experimental load requires considerable iteration. Such methods are very inefficient and require long computing times [12] .
A popular method for overcoming this problem is to use a cohesive zone model for the debonding process in which G c is prescribed [10, [13] [14] [15] [16] [17] [18] [19] . In addition, however, a traction stress must also now be used and there is no way of predetermining what this should be.
Judicious choices can give satisfactory results and reasonable efficiency but the stress is not a material property and varies with geometry [10, 16] . The present paper explores an alternative scheme in which a strain criterion is prescribed for the determination of G c . Since the strains are computed everywhere it is easy to prescribe some value, say in the crack tip element, and then determine G c in the usual way and this leads to very efficient computation. There is, however, a problem in prescribing a critical strain in stress fields of different constraint factors. This is addressed here by using a modified form of the Rice-Tracey criterion [20] in which the critical strain used is a function of the hydrostatic stress. Such a criterion implies some form of cavitation failure process, which indeed occurs in polymeric adhesives which are rubber-toughened.
Experimental procedures

Materials
The adhesive chosen was 'Permabond ESP110', a single-part, hot-cured epoxy-paste adhesive. It consists of a rubber-toughened epoxy resin filled with a high fraction of aluminium powder (up to 30% weight) for improved mechanical properties at elevated temperatures. The surface treatment employed for all substrates (i.e. the aluminium alloy and mild steel materials) was grit-blasting using alumina grit (mesh-size: 400) followed by immersion in a degreasing bath of 1,1,1 trichloroethylene (10 min at 60 0 C). The aluminiumalloy substrates were then further treated in a chromic-acid solution (30 min at 63 0 C) according to the recommendations of BS 7773 [21] . This was followed by immersing the substrates in a bath of circulating water (20 min), followed by a final rinse with distilled water. The substrates were then dried in a hot-air oven (1 h at 60 0 C) and kept in a desiccator for approximately 24 h prior to bonding. During joint assembly, steel wires were used as spacers to control the thickness of the adhesive layer, and poly(tetrafluoroethylene) films served as pre-cracks. The test specimens were clamped in dedicated rigs which held the joints in place during the curing process. Cure of the adhesive layer took place in a hot-air oven for 45 min at 150 0 C. The final adhesive layer thickness was approximately 0.4 mm for all the test specimens.
Peel tests
The adhesive fracture energy, G c , was measured using both single- Three replicate specimens were tested.
Uniaxial tensile tests
In order to ascertain the values of the power-law modelling parameters, see below, the materials used for the peel arm were tested in uniaxial tension using an 'Instron' universal testing machine equipped with a video extensometer to measure the axial strain. The dogbone shaped specimens were machined from the same grade of sheets, and followed the same orientation (0 0 to the rolling direction), as used for the peel arms. The geometry of the tensile specimens was based on BS EN 10002 [22] and had with a parallel gauge-length of 57 mm, a width of 12. 
TDCB tests
The adhesive fracture energy, G c , of the adhesive was directly measured using a LEFM tapered double-cantilever beam (TDCB) test, as shown schematically in Fig. 4 . The substrates were machined, using a computer-controlled milling machine from 2014A aluminium-alloy sheets. The height, h, of a beam was selected such that the change in compliance with crack length, a, was constant; and this was achieved by ensuring that the geometry factor term, m, was constant. The final beams were 10 mm in width, 300 mm in length and had a constant geometry factor m = 2 mm -1 [3] [4] [5] . Where m, the geometry factor, is given by:
where a is the crack length and h is the corresponding height of the substrate beam.
The TDCB tests were performed according to BS 7991 [3] and the values of G c were also deduced as described in this standard method. A travelling optical microscope was used for recording the value of the crack length. Tests were conducted at standard conditions (21 0 C, 55 % RH) for three replicate specimens. The crosshead speed was 0.1 mm/min, and crack length measurements were taken after approximately every 2 mm of propagation. No plastic deformation was observed in any of the TDCB joints, thus confirming that these tests followed the basic principles of linear-elastic fracture-mechanics.
The numerical approach
Introduction
The overall approach to the numerical analysis that we have taken is to employ a finiteelement analysis (FEA) approach and model crack advance through the adhesive layer via a node-release technique. The nodes are released, and so the crack allowed to advance, when the multiaxial equivalent plastic strain, ε* p , in the element immediately ahead of the crack attains a critical value, ε* pc . Thus, we have developed a 'critical plastic strain fracture model (CPSFM)'. However, the multiphase adhesive used in the present study undergoes plastic void initiation and growth in the plastic, or damage, zone ahead of the crack tip. Indeed, this is the major toughening micromechanism in such materials [23, 24] . From the work of Rice and Tracey [20] it is well established that, when such a micromechanism occurs, the value of the ε* pc is strongly influenced by the local stress-state and the value of the ratio ε* pc /ε pc is related to the stress ratio, σ H /σ e , by the expression [25] :
where ε* pc is the critical multiaxial equivalent plastic strain,ε pc is the critical uniaxial tensile plastic strain, σ H is the hydrostatic stress and σ e is the equivalent (von Mises) stress. This relationship is plotted in Fig. 5 . The value of the critical uniaxial tensile plastic strain,ε pc , is taken to be a constant and in the present work is ascertained by interrogating the LEFM TDCB, as described below. (Its value cannot readily be directly determined from uniaxial tensile tests conducted using the adhesive material, since such tests tend to show brittle fracture prior to ductile failure.)
For the TDCB tests, the aluminium-alloy substrates were modelled as linear-elastic materials with a modulus of 69GPa. For the peel tests, the aluminium-alloy peel arms were modelled as power-law materials [10] with modulus, uniaxial tensile yield-stress and work- 
The CPSFM approach
The detailed steps used in the present work are:
i.
The first step was to ascertain the value of the critical uniaxial tensile plastic strain,ε pc , which would then be kept constant in value in all the subsequent studies. This was achieved by undertaking a finite-element numerical analysis of the LEFM TDCB test.
Various mesh sizes were examined and that selected, to give a good representation of the adhesive and to give convergence of the solution in a reasonable time-scale, is shown in Fig. 6(d) . The value of the critical multiaxial equivalent plastic strain, ε* pc , for node release which gave the failure load, which was independently experimentallymeasured, was then ascertained for this mesh size. Next, knowing from the finiteelement analysis results the stress ratio, σ H /σ e , in the element ahead of the crack tip, the Rice-Tracey relationship (see Eq. (2)) was used to calculate the corresponding value ofε pc that gave this value of ε* pc , and thus gave the correct value of the experimentallymeasured failure load.
ii.
Having so determined the value ofε pc , this value ofε pc was then kept constant for all subsequent studies of the peel tests, using the corresponding mesh size to that shown in iii. To then undertake a finite-element numerical analysis of the elastic-plastic peel tests:
• Firstly, to ascertain the value of the stress ratio, σ H /σ e , in the element ahead of the crack tip (i.e. the peel front).
• Secondly, to use this value of the stress ratio, σ H /σ e , together with the now fixed, constant, value ofε pc , ascertained as described in (i) above, to calculate the value of the critical multiaxial equivalent plastic strain, ε* pc , using the Rice-Tracey relationship, i.e. Eq.(2).
• Thirdly, to use this value of ε* pc to determine when to release the node immediately ahead of the crack tip. This was achieved by applying an increasing displacement to the peel test arm(s) until, in the element immediately ahead of the crack tip, the condition ε* p ≥ ε* pc was met; where ε* p is the multiaxial equivalent plastic strain at a given applied displacement.
• Fourthly, the predicted loads and displacements, as a function of the extent of theoretical crack growth, for a given peel test may be ascertained simply by applying the criterion release of ε* p ≥ ε* pc for successive nodes, and so allowing the crack to advance through the adhesive layer.
• Finally, the predicted values of the adhesive fracture energy, G c , of the adhesive joints were ascertained by using the J-integral method and/or the virtual crack closure method. For the former method, the number of contours employed was eight, and the results from the last three contours were averaged to give the value of G c . There was always an excellent agreement between the two methods used to ascertain the value of G c .
The FEA program used was 'ABAQUS', with 'PATRAN' being used for the mesh modelling.
The LEFM tapered double-cantilever beam (TDCB) test
As noted above, the LEFM TDCB test, using aluminium-alloy substrates, was employed to ascertain the value of the critical uniaxial tensile plastic strain,ε pc , which would then be kept constant in value for all subsequent analyses of the LEFM TDCB and elasticplastic peel tests. For the linear-elastic deforming substrate arms, four-noded plane-strain elements were used. In the case of the 0.4mm thick elastic-plastic adhesive layer, four elements (CPE4R type) were placed across the layer and a cohesive crack path along the centre of the adhesive layer was assumed. The two faces of this crack path were connected together using multi-point constraint (MPC). The MPC from adjoining nodes was removed when the condition for crack growth to occur, i.e. when the condition ε* p ≥ ε* pc , was satisfied.
This process was implemented via a MPC-user subroutine. Displacement control was used throughout the modelling work. . The resulting value of the critical uniaxial tensile plastic strain,ε pc , was calculated from the Rice and Tracey relationship to be 0.04. (The value of the stress ratio stress, σ H /σ e , in the element ahead of the crack tip, which is needed in this calculation was determined from the finite-element analysis.)
The elastic-plastic peel tests
For the T-peel tests, 13,538 four-noded plane-strain elements (CPE4R type) were used for each peel arm and the mesh size used was virtually identical to that for the LEFM TDCB tests. Thus, again, in the case of the 0.4 mm thick elastic-plastic adhesive layer four elements (CPE4R type) were placed across the layer and a crack path either (a) along the centre of the adhesive layer, or (b) very close to a peel arm/adhesive interface was assumed.
In the latter case, the crack path was located 50 µm from the peel arm, in accord with the experimental observations, see Fig. 3 . The two faces of these crack paths were connected together using multi-point constraint (MPC). The MPC from adjoining nodes was removed when the condition for crack growth to occur, i.e. when the condition ε* p ≥ ε* pc , was satisfied.
The node-release process was implemented via a MPC-user subroutine. The corresponding value of ε* pc for node-release was deduced as described above, usingε pc =0.04 and the Rice and Tracey relationship. (The value of the stress ratio, σ H /σ e , in the element ahead of the crack tip (i.e. the peel front) was determined from the finite-element analysis.) The value of ε* pc so calculated was 2.08 x 10 -3 for both the aluminium-alloy and steel T-peel tests.
Modelling the crack path as being within the adhesive layer but being located only 50
µm from a peel arm/adhesive interface did indeed result in a very accurate prediction of the bonded-end of the T-peel specimen being inclined at different angle to that of 90 o to the horizontal, as schematically shown in Fig. 3 . Namely, an angle of about 60 o for the value of θ B in Fig. 3 was experimentally measured and predicted. However, interestingly, the FEA CPSFM results demonstrated that modelling the crack path either (a) along the centre of the adhesive layer, or (b) within the adhesive layer but being located 50 µm from a peel arm/adhesive interface, had no significant effect on the predicted peeling load per unit width, or the associated predicted value of the adhesive fracture energy, G c . In the discussion below the values corresponding to the crack path within the adhesive layer, but being located 50 µm from the peel arm/adhesive interface, have been used; since this corresponds to the experimental observations.
For the single-arm 90 o peel test specimens, the crack path was again modelled as being within the adhesive layer but being located 50µm from the aluminium-alloy peel arm/adhesive interface, in agreement with the experimental observations. The mesh size used was again virtually identical to that for the LEFM TDCB tests; and again the MPC from adjoining nodes was removed when the condition for crack growth to occur, i.e. when the condition ε* p ≥ ε* pc , was satisfied. Tables 1 and 2 ). Thus, it appears that the lower degree of constraint for the 90 o peel test, as defined by the stress ratio, σ H /σ e , certainly does not lead to an increase in the value of G c . This is an interesting observation which warrants further investigation. It may arise from either (a) the local degree of constraint being relieved by the voiding which occurs ahead of the crack tip in the adhesive layer, and/or (b) the degree of constraint always being relatively high in the adhesive layer. Such that, in either case, the value of G c has become independent of the value of the stress ratio, σ H /σ e .
To summarise, from Table 3 , it may be concluded that the calculated values of the adhesive fracture energy, G c , are independent of the geometric parameters studied and the value of G c is indeed a characteristic of the joint, in this case for cohesive fracture through the adhesive layer. Thus, the present work leads to the conclusion that the value of G c is independent of whether a standard LEFM test or an elastic-plastic peel test method is employed.
Conclusions
The overall approach to the numerical analysis of the elastic-plastic peel tests that we have taken is to employ a finite-element analysis (FEA) approach and model crack advance Indeed, the value of G c is a characteristic of the joint, in this case for cohesive fracture through the adhesive layer. Thus, the present work confirms the hypothesis [1] that the value of G c is independent of whether a standard LEFM test or an elastic-plastic peel test is undertaken. Finally, the FEA CPSFM approach promises considerable potential for the analysis of peel tests which involve very extensive plastic deformation of the peel arm and for 
